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Abstract  
 
Intensity and spatial distribution both of urban heat island (UHI) and urban air pollution can 
be influenced by local cold air drainage flow. Under climate change conditions, these effects 
might get even more important in the future. In this study, the cumulative effect of long term 
changes in urban development on suburban cold air drainage flow is analysed. Results from 
the cold air drainage model KLAM_21 are used to evaluate different scenarios. The results 
show a substantial reduction of nocturnal cooling and fresh air supply in the city from 1810 
until today and clear differences between two realistic development paths for the near future. 
The differences prove to be caused both by the combined effects of different building and 
differrent vegetation structures. 
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1. Introduction  
Urban heat load and air quality under climate 
change conditions are major topics of the project 
„City2020+ - The City under Global Demographic 
and Climate Challenges“[1]. A key research 
question addresses the potential for mitigation of 
the distribution and intensity of UHI and poor air 
quality by optimizing local cold air drainage flow. 
The typical position of cities in valleys and its 
climate consequences generally is subject of 
increasing interest in atmospheric science [2].  
If the city is situated downstream of rural areas, 
cold air drainage flow, thus, is directed into the 
city. This leads to cold air advection at local or 
regional scales depending on weather conditions 
and topography [3]. The interaction between 
relatively warm and polluted air in urban areas 
and relatively cold and clean rural air is depen-
ding on the given urban structures.  
Expertise regarding the effects of differing struc-
tures is important for the assessment of the 
effects of urban development. Therefore, the con-
sideration of cold air drainage often is subject to 
urban climatic analysis mapping [4] and planning 
directives [5]. However, since usually only single 
buildings or limited building complexes in relative-
ly large cold air catchments are subject of applied 
investigations, model uncertainties are large in 
relation to climatological effects of single develop-
ment projects.  
In this study, the cumulated overall effects on 
suburban cold air drainage flow resulting from 
200 years of urban development and from the 
development of larger parts of the town are ana-
lysed. 
 
 
2. Study Area 
The study area is the Kannegiesserbach valley, a 
suburban valley in the City of Aachen, Germany 
(50°45'40” N, 6°04'20” E). The valley extends 
from a low mountain ridge in the south-west to 
the city centre in the north-east and has been 
subject to a set of climate investigations in the 
recent past [6].  
Because of size and geographical position, 
Aachen is a well-suited showcase for the cold air 
drainage flow in cities in Central Europe. Aachen 
has about 250,000 inhabitants and is, thus, a 
typical medium sized Central European city. The 
location in the surroundings of the Central Euro-
pean low mountain area and the altitude range of 
about 200 m within the catchment of about 4 km² 
form a fairly typical situation for considerable 
parts of Central Europe. Under these circum-
stances, climate effects due to urban structures 
and to relief are expected to be in the same order 
of magnitude [7]. 
 
 
3. Data and Methods 
3.1. Land Use Data 
Historical land use information was taken from 
maps produced by French cartographers during 
the Napoleonic occupation in 1810 [8]. Because 
these maps do not meet present data standards, 
the map information relevant for climatological 
studies had to be filtered and analysed by means 
of historical analysis. The result is a generalized 
digital land use map [6]. 
Characteristics of the 1810 land use were rela-
tively low buildings in a very small city with 
unpaved roads and extensive gardens not excee-
ding the still existing medieval city walls. The sur-
rounding landscape was spacious agricultural 
area with few obstacles [6]. 
 
The present land use in the valley is given by 
official high resolution building structure data and 
a vegetation model based on airborne radar data 
[6]. The 3D building structure model of the re-
gional administration [9] provides information on 
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position and type of buildings and on calculated 
building height. This information is transferred 
into 9 building classes. Vegetation structure is 
calculated from radar data [6]. For this study, 
vegetation with a height of ≤ 15 m is defined as 
“park”. Higher vegetation stands are defined as 
“wood” (fig. 1.). Additionally, information on the 
position of roads (“completely sealed area”) was 
obtained from ALKIS -data [10]. All remaining 
areas inside the city were assigned to a class 
“half sealed area”, outside the city to a class “un-
sealed” area. 
In the present situation, the city has substantially 
grown which results in a reduction of open space 
in the cold air catchment from 3.37 km² in 1810 to 
0.98 m² in 2010. Suburban areas have been built 
up especially along the watersheds leaving the 
valley floor less developed [6]. The open space 
area nowadays features park-like structures with 
groups of trees along the creeks. 
 
 
Fig. 1. Canopy model used for modelling 
(classes: 3 – wood, 6 – park, 10 to 14 – lower 
buildings from up to 3 m to 15 m, 15 to 18 – 
higher buildings up to 25 m, 35 m, 45 m, 70 m), 
reference areas R1, R2 (circles) and catchment 
limits (black line) 
 
Besides the historical and actual situation, two 
different land use scenarios based on the present 
situation were used for the investigation (fig. 2). A 
“best case” scenario, which reflects optimized 
cold air drainage flow conditions, and a “worst 
case” scenario, which assumes strong urban 
development.  
The “best case” scenario keeps the same volume 
of buildings and vegetation as the present situa-
tion but represents an alternative urban develop-
ment with buildings and vegetation only situated 
along the valley slopes while the valley floor re-
mains without buildings and free of higher 
vegetation. The “worst case” development in-
cludes a substantial increase of the built-up area 
along the valley floor by a number of mostly 
single family and duplex type homes in combi-
nation with areas covered by high vegetation. 
 
 
Fig. 2. Land use scenarios: “present / 2010” 
(background), “1810” (urban area red-hatched), 
“best case” (valley floor clear of obstacles, blue-
hatched), and “worst case” (additional buildings:  
brown; wood: dark green) 
 
 
3.2. Modelling and model data processing 
For the simulation of cold air drainage flow, the 
model KLAM_21 of the German Weather Service 
(DWD) is used. KLAM_21 is a 2-dimensional, 
numerical model for the calculation of cold air 
drainage flow in complex terrain [11].  
Land use data and digital elevation data were 
transferred from a GIS-System into KLAM_21 
with a horizontal resolution of 4 m. The model 
was run with the standard set of constants, the 
standard value for net radiation of -30 Wm-2 and 
a start offset for urban surface temperature of 
0.5 °C [11]. Model runs are integrated over a 3-
hour period. The output is transferred back to the 
GIS-System for the time. Gridded model data 
include average energy loss, height of cold air 
drainage and wind speed vectors. The data are 
processed to provide cooling rate, wind speed, 
volume flow and cold air discharge as derived 
quantities. 
The results were converted to maps. Numbers 
are derived for two reference areas in the lower 
central part of the valley. These areas represent 
an area of block development in the late 19th 
century (R1) and a part of the historical city 
centre (R2). 
 
 
4. Results 
4.1 Cold air catchment area 
Results are summarized in fig. 3 to 6. Nocturnal 
cooling for the time 3 h after beginning of ne-
gative radiation balance differs substantially be-
tween the present (2010) and the historical situa-
tion (1810). Apart from the different temperature 
pattern, which is due to the crude 1810 land use 
model and the structure of the 2010 city, the coo-
ling level in the present situation is about 2 – 3 °C 
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lower for most of the area which today is part of 
the build-up area. For 2010, results show an area 
of highest nocturnal cooling around R1 and R2, 
which can be explained by cold air flowing down 
the valley and simultaneously warming in the built 
up area. In 2010, the lateral watersheds are no 
longer cooling compared to1810. 
 
 
Fig. 3. Nocturnal cooling for the situation in 1810 and 
2010, additionally two alternative scenarios 
 
Differences between the 2010 situation and the 
two scenarios “best case” and “worst case” are 
expectedly smaller than the differences to 1810. 
However, the “worst case” scenario shows lower 
cooling in the city centre compared to 2010 and 
especially the “best case”. 
 
 
Fig. 4. Changes in nocturnal cooling for the “best case” 
and the “worst case” compared to the present situation 
 
Fig. 4 shows details of the differences. In the 
“best case”, a slightly increased cooling is 
achieved in the city centre (blue colour) while the 
upstream parts of the catchment are partly 
cooling less (red). The “worst case” scenario, 
however, leads to increased cooling in the upper 
catchment parts with massively reduced cooling 
in the city centre. 
 
The cold air heights derived from the model, 
show similar results (fig. 5). The differences 2010 
to 1810 are greater than the differences between 
the scenarios, but the “worst case” is coupled 
with massively reduced cold air height in the city 
centre including an almost entire loss of cold air 
in the north-east part of the catchment. 
 
 
Fig. 5. Cold air height for the situation in 1810 and 
2010, additionally two alternative scenarios 
 
The two scenarios have effects on cold air height 
which are similar to the effects concerning noctur-
nal cooling (fig. 6). The “best case” will lead to an 
increase of cold air height in the city and a de-
crease in the upstream part of the valley, the 
“worst case” has the opposite effect. In the sur-
rounding of R1 or about 500 m upstream, a tip-
ping point is situated. 
 
 
Fig. 6. Changes in cold air height for the “best case” 
and the “worst case” compared to the present situation 
 
 
4.2 Reference areas 
The data for R1 and R2 were compared with the 
situation in 1810 (tab. 1). The results provide in-
sight into the low night-time temperatures and 
extremely low wind speed in the city of 1810. The 
current situation results in a temperature in-
crease, which is combined with partly increased 
wind speed. The differences between “best 
case”, “worst case” and 2010 reflect the exis-
tence of a tipping point: for R1 the differences are 
small in both cases, for R2, they are larger, espe-
cially the reduction of cooling in the “worst case” 
is considerable. 
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Table 1: Cooling and wind speed - model results for R1 
and R2. 
 Cooling (°C)  Wind speed (ms-1) 
absolute R1 R2  R1 R2 
1810 12.2 12.1  0.1 0.1 
present 9.1 9.5  0.3 0.3 
best case 9.2 9.8  0.4 0.4 
worst case 8.7 8.4  0.3 0.4 
      
difference to 1810 
    
present -3.1 -2.7  0.2 0.3 
best case -2.9 -2.3  0.3 0.3 
worst case -3.5 -3.7  0.2 0.3 
      
difference to 
present situation 
    
best case 0.1 0.3  0.1 0 
worst case -0.4 -1  0 0.1 
 
Results for the two different scenarios relative to 
the present situation including volume flow and 
cold air discharge are summarized in table 2. 
With the exception of wind speed, all values for 
the “worst case” (“best case”) are smaller (larger) 
than in 2010. 
 
Table 2: Cooling, wind speed, volume flow and cold air 
discharge for R1 and R2 relative to 2010. 
 Cooling (°C)  Wind speed (ms-1) 
relative (%) R1 R2  R1 R2 
best case 1 % 3 %  28 % 12 % 
worst case -5 % -11 %  0 % 21 % 
      
 
Volume flow  
(m³s-1)  
Cold air discharge 
(m³Ks-1) 
relative (%) R1 R2  R1 R2 
best case 30 % 18 %  33 % 23 % 
worst case -8 % -1 %  -12 % -11 % 
 
 
5. Conclusion 
The 2010 model data shows smaller cooling rates 
until 3 h after beginning of negative radiation ba-
lance that result in a warming of 2–3 °C in the 
presently built-up area compared to 1810. The 
results are consistent with another study using an 
alternative model [6]. 
Further urban development in the suburban 
valley following the “worst case” scenario would 
lead to a further increase in night-time tem-
peratures of about 1 °C in the city centre. A deve-
lopment following the “best case” scenario could 
lead to the combined effect of moderately in-
creased nocturnal cooling and increased volume 
flow of cold air possibly also indicating an im-
provement in air quality. 
Since existing building structures cannot be 
easily changed appropriate vegetation patterns 
along ventilation paths can be of practical im-
portance [12]. 
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